Fusion of modified LDL in the arterial wall promotes atherogenesis. Earlier we showed that thermal denaturation mimics LDL remodeling and fusion, and revealed kinetic origin of LDL stability. Here we report the first quantitative analysis of LDL thermal stability. Turbidity data show sigmoidal kinetics of LDL heat denaturation which is unique among lipoproteins, suggesting that fusion is preceded by other structural changes. High activation energy of denaturation, E a =1008 kcal/mol, indicates disruption of extensive packing interactions in LDL. Size-exclusion chromatography, non-denaturing gel electrophoresis, and negative-stain electron microscopy suggest that LDL dimerization is an early step in thermally-induced fusion. Monoclonal antibody binding suggests possible involvement of apoB Nterminal domain in early stages of LDL fusion. LDL fusion accelerates at pH<7, which may contribute to LDL retention in acidic atherosclerotic lesions. Fusion also accelerates upon increasing LDL concentration in near-physiologic range, which likely contributes to atherogenesis. Thermal stability of LDL decreases with increasing particle size, indicating that the pro-atherogenic properties of small dense LDL do not result from their enhanced fusion. Our work provides the first kinetic approach to measuring LDL stability and suggests that lipid-lowering therapies that reduce LDL concentration but increase the particle size may have opposite effects on LDL fusion.
size analysis was carried out by using PHOTOSHOP computer graphics with EXCEL program using ~300 particles per image.
Gel electrophoresis and immunoblotting
Total LDL at various stages of thermal denaturation and their fractions isolated by SEC were analyzed by 4% NDGE and SDS-PAGE to assess particle size and apoB aggregation and/or proteolysis, respectively, and by Western blotting to detect possible changes in epitope exposure upon LDL aggregation. Native and non-native gels were run at 150 V for 1.5-2 h, followed by Coomassie blue staining. ApoB was detected by immunoblotting following NDGE. Proteins were transferred to polyvinylidene fluoride membrane for 1.5 h at 100 V or for 24 h at 30 V, incubated in blocking buffer (non-fat milk buffer containing 10 mM Tris HCl, pH 7.5, 0.1% v/v 150 mM NaCl, 0.05% w/v Tween-20), and probed with primary monoclonal antibodies (mAbs) to apoB100 followed by horseradish peroxydase-conjugated secondary antibodies. The blots were visualized using an enhanced chemiluminescent system (Perkin Elmer). We used nine mAbs to apoB100 N-and C-terminal domains that are expected to undergo structural changes during LDL fusion. These mAbs and their epitopes, which are shown in Figure S3 and Table S1 of Thermal stability of LDL was assessed in the melting or kinetic experiments. Turbidity, which was recorded by using dynode voltage, V, in CD experiments as described (33) , was used to monitor increase in the particle size upon LDL aggregation, fusion, and rupture. Near-UV CD was used to monitor LDL rupture and release of apolar lipids that coalesce into lipid droplets, which induced a large negative CD peak centered near 320 nm (30, 36) . Near-UV CD and turbidity were measured simultaneously at 320 nm. In kinetic temperature-jump (T-jump) experiments, LDL heat denaturation was triggered at time t=0 by a rapid increase in temperature from 4 °C to a higher constant value. Tjump data recorded using different initial temperatures (4, 25 or 37 o C) but the same final temperature closely overlapped. The time course of denaturation was monitored with 10 sec increments for up to 21
hours. In the melting experiments, the samples were heated and cooled at a rate of 11 °C/h with 1 °C increment. No changes in the sample volume, protein concentration or protein or lipid oxidation status were detected after heating and cooling (30) .
Kinetic analysis of LDL thermal stability
ORIGIN software was used for the data analysis and graphic representation. The turbidity data, V(t), recorded in T-jumps to each temperature were approximated by a sigmoidal function: V(t) = V 0 + (V 0 -V 1 ) / {1 + exp[(t -t ½ ) / k]} Here, V 0 is the initial turbidity of intact LDL, V 1 is the asymptotic value corresponding to denatured LDL, t ½ is the reaction midpoint corresponding to 50% change in turbidity, and k is the rate constant.
The results were analyzed by using an Arrhenius model as described previously (33) . The Arrhenius plots, k(T) versus 1/T, where T is temperature in Kelvin, were approximated by linear functions whose slopes were used to determine the Arrhenius activation energy (enthalpy), E a , of LDL denaturation. The value of E a reflects the number and character of packing interactions per cooperative unit which are transiently disrupted during lipoprotein heat denaturation. Cooperative unit in model HDL probably contains one protein molecule and adjacent lipids ((41) and references therein). Cooperative unit in LDL heat denaturation remains to be determined; we speculate that it involves a portion of apoB and adjacent lipids.
All experiments in this study were repeated at least three times to ensure reproducibility. 
RESULTS

Quantitative kinetic analysis of LDL thermal stability
Thermal stability of LDL was determined by using an Arrhenius analysis of the heat denaturation.
To establish experimental conditions allowing kinetic data collection in a temperature range broad enough for an accurate Arrhenius analysis, we explored a range of LDL concentrations (0.1-1.5 mg/ml protein), salt concentrations (0-150 mM NaCl or Na phosphate), pH (6.0-8.0), and temperatures o C). Under most conditions, the time scale of LDL fusion was either too fast (<2 min) or too slow (>10 h) to be accurately measured by using steady-state CD spectroscopy. Good kinetic data were obtained using LDL solutions of 0.5 mg/ml protein concentration in 20 mM Na phosphate buffer, pH 7.5. These standard conditions were used to record the data shown in (Fig. 1A) , and was monitored by turbidity (dynode voltage, V) as described (33, 36) . LDL heat denaturation showed sigmoidal time course that contrasts with the exponential decay time course observed in other lipoproteins (33) (34) (35) (36) . At each temperature, the turbidity data, V(t), in Figure 1A were approximated by a sigmoidal function to determine the reaction midpoint t ½ and the rate constant k as described in the Methods and illustrated in Figure 2A below. The results were used to obtain Arrhenius plot, ln k(T) versus 1/T, as well as the plot of t ½ (T) versus 1/T (Fig. 1B) . The slopes of these plots were similar within the error of their experimental determination, indicating similar temperature dependence of the lag phase (that contributes to t ½ ) and the transition phase of LDL denaturation (that influences both k and t ½ ). The activation energy determined from the slope of the Arrhenius plot was E a =1008 kcal/mol.
The uncertainly in this value incorporates the fitting errors and the deviations among the data sets recorded from different batches of LDL. Notably, this value of E a is nearly twice as high as the maximal values obtained from heat denaturation studies of human HDL (35) or VLDL (36) . High activation energy of LDL denaturation reflects a steep temperature dependence of its rate constant, k(T), and explains why LDL heat denaturation could be monitored in a relatively narrow temperature range. In 
Structural changes during thermal denaturation of LDL
To identify structural changes at specific stages of LDL heat denaturation, an LDL sample under standard conditions was subjected to a T-jump to 85 o C. Aliquots were taken at various times (shown by numbers in Figure 2A ) and were analyzed by far-UV CD (Fig. 2B) , NDGE (Fig. 2C) , and negative stain EM (Fig. 3) to determine secondary structure, particle size, and particle morphology, respectively. During the lag phase, i. e. prior to significant changes in turbidity, no changes in far-UV CD were observed, indicating that there were no large secondary structural changes in apoB (0-2, Fig. 2A, B) . In the transition phase corresponding to an increase in turbidity and hence, increased particle size, far-UV CD spectra showed a progressive reduction in intensity below 208 nm (4-7, Fig. 2B ). This could potentially result from two effects: i) increased light scattering upon increasing the particles size, which disproportionately reduces CD intensity at short wavelengths and thereby distorts far-UV CD spectra of large particles (42) , and/or ii) partial unfolding of the secondary structure in apoB upon heating (30, 36) .
Notably, the CD spectra in Figure 2B showed little changes at 208-250 nm, indicating that, consistent with our earlier studies (30) , apoB retained most of its secondary structure after prolonged incubation of LDL at high temperatures.
NDGE revealed incremental changes in the particle size during incubation at 85 o C (Fig. 2C) . At stage 1, the particle size distribution appeared unchanged (lanes 0 and 1), with the sole band I similar to that observed in intact LDL (average diameter <d>=22 nm). At stages 2-5, two additional bands were observed: a sharp band II corresponding to hydrodynamic size circa 40 nm, and a diffuse band III encompassing a broad range of sizes larger than 80 nm (lanes 2-5). At stages 6 and beyond, i. e. near the transition midpoint t ½ measured by turbidity (Fig. 1A) , few if any lipoproteins entered the gel (lanes 6-8, Fig. 2C ). This is consistent with earlier EM observation of LDL aggregation, fusion, rupture and release of apolar core lipids that coalesce into lipid droplets at advanced stages of denaturation (30) (illustrated in supplemental Fig. S1 ). Notably, SDS-PAGE showed that heat denaturation of LDL does not cause apoB fragmentation but induces gradual formation of apoB aggregates during the transition phase (data not shown), in good agreement with NDGE and EM results. Figure 3 shows negative-stain EM of total LDL at various stages of thermal denaturation. Electron micrographs of total LDL that were intact (0) or were taken at stages 1 or 2 of the lag phase (Fig. 3, panel 2) were indistinguishable. At stage 3 corresponding to the beginning of the transition phase, the particles became heterogeneous in size, with a significant population of enlarged lipoprotein-like particles (d~40 nm) that were apparent products of LDL fusion (Fig. 3, panel 3 , white arrows). This trend continued upon progression of denaturation when smaller (black arrows) and larger particles with progressively increasing radii as well as their aggregates were observed (panels 6-8). In addition, thin electrolucent strands whose size and morphology were consistent with dissociated apoB were detected at advanced stages of heat denaturation in this (panels 7, 8, long white arrows) and earlier LDL studies (30) . In summary, NDGE and negative-stain EM of total LDL agreed with the turbidity data (Figs. 2, 3) and showed changes in the particle size upon thermal denaturation. These changes include formation of smaller and larger particles and their aggregates, in good agreement with our earlier studies of LDL (30) . A novel result was a sharp band observed by NDGE at denaturation stages 2-5, which Structural studies of LDL at early stages of aggregation and fusion SEC was used to isolate and characterize LDL at early stages of thermal denaturation. LDL under standard conditions were subjected to a T-jump to 85 o C, and aliquots were taken during the first 11 min of incubation (stages 2'-5', Fig. 4A ), i. e. before the transition reached its midpoint measured by turbidity, t ½ =17 min. As expected, SEC profile of intact LDL showed a single peak with elution volume circa 12 ml (peak I) corresponding to NDGE band I (lane 0, Fig. 4C ). SEC profile of LDL denatured to
Fig 3
stage 2' (end of the lag phase) showed two additional peaks: peak II centered near 9.5 ml and peak III near 8 ml corresponding to the void volume (line 2', Fig. 4B ). At stage 3' (early transition phase), peak III increased in intensity, peak II showed little change, and peak I decreased (line 3', Fig. 4B ). This increase in peak III at the expense of peak I continued until peak III became the sole feature in the SEC profile at relatively advanced stages of LDL heat denaturation (stage 5' and beyond).
Next, LDL were denatured to stage 2' and peak fractions I, II and III were isolated by SEC and analyzed by NDGE (Fig. 4C) . The results were consistent with NDGE of total LDL (Fig. 2C ) and clearly showed that: i) SEC peak I and NDGE band I encompassed intact-size LDL (d~22 nm); ii) SEC peak II corresponded to the sharp NDGE band II (hydrodynamic size ~40 nm); iii) SEC peak III corresponded to the broad NDGE band III encompassing particle sizes from about 80 to over 100 nm.
Negative-stain EM of peak fractions I-III isolated by SEC from LDL denatured to stage 2' confirmed this conclusion and showed that peak I contained intact-size LDL, while peak III contained clusters of aggregated and fused particles and lipid droplets (supplemental Fig. S2 ) similar to those observed by EM of total LDL at advanced stages of thermal denaturation (panels 6-8 in Fig. 3 ). Notably, EM of peak II fraction showed mainly intact-size LDL (Fig. 4D , E) even though NDGE detected only larger-size particles (lane II, Fig. 4C ), suggesting that peak II contained low-order LDL aggregates. This idea was supported by EM analysis of peak II fraction taken at various dilutions ( Fig. 4D, E) . At a relatively high sample concentration (100 g/ml protein), EM of peak II fraction showed mainly clusters of intact-size LDL, along with a small population of fused particles with diameters d~40 nm (white arrows, Fig. 4D ).
To minimize lipoprotein clustering, the sample was diluted to 20 g/ml protein prior to deposition on the EM grid. The EM results showed mainly intact-size LDL most of which appeared in pairs tethered via the connecting strands (ovals in Fig. 4E ). Occasional fused particles such as those seen in Figure 4D (white arrows) were detected. Notably, electron micrographs of intact LDL under similar conditions showed mainly single particles (data not shown), suggesting that LDL pairing at stage 2' resulted, at least in part, from thermal modifications rather than from the artifacts of the negative stain. Taken together, NDGE, SEC and EM data in Figures 3 and 4 suggest that peak II is probably comprised of fused or aggregated LDL particles.
Fig 4
In an attempt to identify apoB regions involved in LDL aggregation and fusion, we tested whether binding of mAbs to specific epitopes of apoB was affected by the heat-induced changes in LDL morphology at early stages of thermal denaturation. The mAbs used in this work targeted the apoB epitopes from the N-and C-terminal domains (supplemental Figure S3 and Table S1 ); these domains are located in proximity on LDL surface and are expected to undergo structural changes upon LDL aggregation and/or changes in the particle size ((18-21, 28) and references therein). 
Effects of LDL concentration, particle size and pH on the rate of LDL heat denaturation
In the next series of experiments, we applied the kinetic approach developed in Figure 1A to test how selected factors that are expected to contribute to LDL fusion in vivo affect the rate of LDL denaturation in vitro. Figures 6-8 show the results of such experiments addressing the role of LDL concentration, particle size and pH.
Since LDL denaturation involves aggregation, fusion and coalescence of many particles, it is expected to be a high-order reaction. To assess the reaction order, we determined the effect of LDL concentration on the denaturation kinetics in the range encompassing 0.5 mg/mL apoB approximately corresponding to 1 mg/ml LDL cholesterol, which is considered borderline between normal and elevated plasma levels and is often used as a target value for the lipid-lowering therapies (25, 44) .
Earlier studies of LDL heat denaturation monitored by turbidity during heating at a constant rate showed that increasing LDL concentration from 1.5 to 4.0 mg/ml protein reduced the apparent transition temperature by nearly 20 o C and thereby greatly enhanced LDL fusion (30) . Kinetic analysis of the current work supported this observation and showed that increasing LDL concentration greatly accelerates fusion. This is illustrated in Figure 6A showing the denaturation time course monitored by turbidity in a T-jump to 85 o C under standard buffer conditions and LDL protein concentrations ranging from 0.15-1.0 mg/ml. The results reveal that increasing LDL concentration from 0.15 to 1.0 mg/ml protein leads to an approximately 20-fold increase in the rate of thermal denaturation ( Figure 6B ), indicating high-order reaction. Although the quality of our kinetic data was insufficient to measure the reaction order, the non-linear plot of the denaturation rate constant k versus [apoB] suggests that LDL denaturation is higher than a second-order reaction ( Figure 6B ). These results imply that the rate of LDL denaturation is limited by the rate of the particle collision; hence, increasing LDL concentration increases the collision rate and thereby accelerates LDL fusion.
To test the effects of the particle size on thermal stability of LDL, intact plasma LDL were isolated by density into subclasses, from LDL 1 (large buoyant) to LDL 3 (small dense); particle size was confirmed by EM (data not shown). Figure 7 shows representative melting and kinetic data obtained from these subclasses under standard conditions. The melting data were recorded during heating at a rate of 11 o C/h by turbidity and by near-UV CD. Near-UV CD was used to monitor re-packing of apolar core lipids upon lipoprotein rupture and coalescence into lipid droplets, which induces a large negative CD peak centered near 320 nm (30) . Figures 7A, B show selected melting data, and Figure 7C shows kinetic data of LDL subclasses recorded by turbidity in a T-jump to 85 o C. The results reveal that, under otherwise identical conditions, larger LDL have lower apparent melting temperature (Fig. 7A, B ) and denature faster than smaller LDL (Fig. 7C) . Therefore, larger LDL are less stable and more prone to heat-induced fusion and rupture than their smaller counterparts.
Furthermore, the kinetic turbidity data of LDL subclasses are not additive. This is illustrated in Figure 7D showing the first derivatives of the sigmoidal functions, dV(t)/dt, obtained by fitting the T-jump data, V(t), recorded from total LDL and its individual subclasses. The dV/dt function of total LDL shows a single peak rather than a weighted average of individual peaks corresponding to LDL 1 , LDL 2 and LDL 3 (Fig. 7D) . This non-additive behavior indicates interactions among LDL subclasses and suggests that they can fuse with each other. Taken together with a similar non-additive behavior of human HDL subclasses during heat denaturation (45) and with the demonstrated ability of HDL or its major protein to inhibit LDL aggregation and fusion (29, 46, 50), this result indicates that different lipoprotein classes and subclasses interact with each other during fusion.
The effects of pH on LDL thermal stability were tested at pH 6.0-8.0 using standard concentrations of buffer and LDL (0.5 mg/ml apoB) in the melting and kinetic experiments. (Fig. 1B) . Since t ½ corresponds to 50% change in amplitude regardless of the reaction time course, it is well-suited for comparison of sigmoidal and non-sigmoidal transitions. The kinetic data in Figure 8C suggest a nearly 40-fold reduction in t ½ upon reduction in pH, from ~90 min at pH 8.0 to 2.4 min at pH 6.0. The plot of inverse t ½ versus pH showed that LDL fusion greatly accelerates at mildly acidic pH ( Figure 8D ). This result agrees with studies by Oorni and colleagues showing that mildly acidic pH promote LDL fusion by sphingomyelinase at near-physiologic temperatures ((46) and references therein). Taken together, these results show that LDL fusion upon various perturbations (thermal, enzymatic) is greatly enhanced upon reduction in pH below pH 7. (Fig. 1) and show that thermal denaturation accelerates upon increasing LDL concentration (Fig. 6) , increasing particle diameter (Fig. 7) , and decreasing pH (Fig. 8) . Thus, our work provides a tool for quantitative analysis of kinetic LDL stability under various conditions. We also report sigmoidal time course of LDL denaturation which was not observed before in any other lipoproteins.
Fusion kinetics of LDL and other lipoproteins compared
Comparison of the thermal denaturation kinetics of human LDL reported here with our earlier thermal stability studies of HDL and VLDL revealed several unique features. First, the thermal or chemical denaturation of HDL and VLDL followed hyperbolic time course without the lag phase (34) (35) (36) , in contrast to the sigmoidal time course with a lag phase observed in LDL (Fig. 1A, 2A) . Second, the highest activation energy observed in HDL and VLDL denaturation was circa 50-53 kcal/mol (35, 36) , as compared with E a =1008 kcal/mol determined for LDL (Fig. 1B) . Third, the rate constant of HDL denaturation measured in our studies was independent of the lipoprotein concentration in the range explored (0.15-1.0 mg/ml protein) suggesting 1 st -order reaction, in stark contrast with LDL heat denaturation that was an apparent high-order reaction (Fig. 6 ). Concentration dependence of VLDL heat denaturation (36) appeared intermediate between that of HDL and LDL. We propose that these differences result, at least in part, from the distinct protein composition in LDL (that contain almost exclusively the non-exchangeable apoB), HDL (that contain only exchangeable proteins, mainly apoA-I), and VLDL (that contain comparable amounts of exchangeable and non-exchangeable proteins).
Although the role of other LDL constituents cannot be excluded, we hypothesize that the unique kinetic properties of LDL aggregation, fusion and rupture reflect mainly the large size and high hydrophobicity of apoB whose single copy comprises over 95% of total LDL protein. conformational changes in apoB, particularly its N-and C-terminal domains (28, 46). The enormous size of apoB prompts us to hypothesize that its structure is kinetically trapped by both protein-lipid and protein-protein interactions. The latter is supported by several lines of evidence, including the preservation of substantial secondary structure in apoB upon thermal denaturation of LDL (Fig. 2B ) (30) and preservation of immunoreactivity and the overall domain structure of apoB upon LDL delipidation by non-ionic detergents (18, 50). The presence of multiple kinetic traps in the conformational landscape of apoB suggests that multiple incremental structural changes in this large hydrophobic protein may be needed to initiate LDL fusion. These incremental changes probably accumulate during the lag phase in our T-jump experiments. The activation energy for these structural changes is provided by the particle collisions (addressed below).
Exchangeable apolipoproteins are much smaller and less hydrophobic than apoB and hence, they dissociate from the lipoprotein surface relatively easily; such dissociation is tightly coupled to lipoprotein fusion (33, 35, 36, 47) . This suggests that only one or a small number of lipoprotein collisions at high temperatures can cause dissociation of an exchangeable protein and lipoprotein fusion. This helps explain the absence of the lag phase observed in HDL and VLDL heat denaturation (35, 36) .
Furthermore, earlier studies of VLDL heat denaturation revealed two-phase kinetics, with exchangeable proteins dissociating in the faster phase, followed by partial dissociation of apoB in the slower phase by guest, on November 9, 2017 www.jlr.org Downloaded from (36) . Taken together with the current work, these results suggest that the lag phase in VLDL denaturation is masked by the faster kinetic phase; this helps explain the overall hyperbolic kinetics of VLDL denaturation despite the presence of apoB on its surface.
In summary, we propose that sigmoidal kinetics with a lag phase observed in the heat-induced fusion of LDL (Fig. 1, 2) is due, at least in part, to the large size and the non-exchangeable character of apoB and the absence of substantial amounts of exchangeable apolipoproteins on LDL. Sigmoidal kinetics with a lag phase is generally associated with a slightly unfavorable nucleation (51). We hypothesize that this nucleation may involve small structural changes in apoB that accumulate during the lag phase, priming LDL for fusion. These changes may alter the exposure of certain apoB epitopes that can form "sticky patches" leading to LDL pairing. The latter may involve apoB residues 405-539 (MB24 binding site) or 1022-1031 (MB11 binding site) (Fig. 5 ) which are located in relative proximity on LDL surface (31) . We speculate that targeting conformational changes in apoB that prime LDL for fusion may provide a strategy for blocking this pathogenic reaction before it occurs.
Effects of lipoprotein concentration on fusion
Acceleration of LDL fusion upon increasing LDL concentration (Fig. 6) implies that, under conditions of our experiments, the fusion rate is limited by the collision rate of LDL. We hypothesize that, due to the non-exchangeable character of apoB and its complex energy landscape, multiple consecutive LDL collisions are required to produce structural changes on LDL surface that prime it for fusion. These changes are expected to accumulate faster upon increasing the collision rate, which helps explain the strong concentration dependence observed in LDL fusion (Fig. 6) (30) . In contrast, the rate of the heatinduced HDL fusion shows no significant concentration dependence in the range explored in our work (0.15-1.0 mg/ml HDL protein) and hence, is not limited by the collision rate in this range. In summary, the strong concentration dependence observed in LDL fusion indicates that the rate-limiting step in LDL fusion is lipoprotein collision.
Notably, LDL concentrations used in our studies (0.15-1.0 mg/mL apoB) are comparable to those found in human plasma. In fact, 0.5 mg/ml apoB corresponds to approximately 100 mg/dl LDL cholesterol, which is borderline between normal and elevated plasma levels (44) , while LDL concentration in the arterial wall can be substantially higher. This prompts us to propose that the strong concentration dependence of LDL fusion observed in vitro (Fig. 6 ) is relevant to in vivo conditions. It is well established that elevated concentrations of LDL in plasma and, particularly, in the arterial wall are highly pro-atherogenic. We hypothesize that lipoprotein fusion can contribute to this effect, since increasing LDL concentration in the near-physiologic range accelerates LDL fusion in vitro (Fig. 6) , whereas reducing LDL concentration (e. g. upon administration of lipid-lowering therapies) is expected to decelerate this pathogenic reaction in vivo.
Effect of the particle size on LDL fusion: Potential metabolic implications
Our results reveal that, similar to HDL (38), LDL thermal stability increases with decreasing particle diameter (Fig. 7) . One possible explanation for this general trend is that smaller lipoproteins, which have higher protein-to-lipid ratio than their larger counterparts, have more extensive lipid surface coverage by the protein that hampers formation of surface packing defects. In addition, protein-protein interactions are also likely to be more extensive on smaller lipoproteins, further stabilizing these lipoproteins. Differences in the protein conformation and lipid composition may also contribute to the differences in stability of plasma LDL of different sizes. Importantly, increased structural stability of smaller denser LDL revealed in our in vitro studies implies that the enhanced pro-atherogenic properties of sdLDL are not due to their enhanced propensity to fuse but due to other factors, such as reduced affinity of sdLDL for the LDL receptor and increased affinity for the arterial proteoglycans (23) (24) (25) . Furthermore, our results suggest that large LDL fuse and precipitate faster since they are less stable than sdLDL. This helps explain the mechanism underlying selective precipitation of large but not small LDL by a combination of Mg and heparin, which is used for measuring sdLDL concentrations in human plasma (25, 52) . Moreover, our results are in good agreement with the report by Hurt-Camejo et al. showing that LDL subfractions which are more electronegative and have lower surface-to-core lipid ratio (i. e. larger diameter) are more prone to retention by proteolycans and degradation by arterial macrophages (14) . We speculate that lower structural stability of larger LDL contributes to the latter effect.
The effects of particle size and LDL concentration on LDL fusion observed in vitro (Figures 6, 7) may have potential implications for the lipid-lowering therapies. Elevated plasma levels of LDL, particularly sdLDL, are the major risk factor and a likely causative agent of atherosclerosis (23) (24) (25) .
Conventional lipid-lowering therapies (including statins, fibrates, niacin, and their combinations) not only improve the overall plasma levels of lipoproteins but also decrease the proportion of sdLDL and thereby increase the median size of LDL (44, (53) (54) (55) (56) (57) (58) (59) . The results in Figure 7 suggest that such an increase in size is likely to augment LDL fusion. We speculate that this potentially pro-atherogenic effect is counterbalanced by the reduction in LDL concentration upon administration of the lipid-lowering therapies, which is expected to decelerate LDL fusion ( Figure 6 ). Thus, we hypothesize that i) the lipidlowering therapies are expected to increase LDL propensity to fuse; ii) this potentially pro-atherogenic effect in vivo is probably counterbalanced by the reduction in LDL concentration that decelerates LDL fusion. This hypothesis will be tested in future studies that will compare structural stability of LDL isolated from plasma of hyperlipidemic patients before and after treatment with lipid-lowering drugs.
Effect of pH: Relevance to acidic conditions in atherosclerotic lesions
Strong pH dependence of LDL fusion reported here (Fig. 8) is consistent with recent studies of LDL hydrolyzed by sphingomyelinase or phospholipase A 2 which reported enhanced LDL aggregation, fusion and retention by proteoglycans upon reduction in pH to mildly acidic range (46, (60) (61) (62) and references therein). Therefore, LDL destabilization and enhanced fusion below pH 7 is a general phenomenon that is not limited to high temperatures. In fact, we observed gradual fusion of human LDL at pH 6.0, 22 o C. Destabilization of LDL at mildly acidic pH may result, in part, from the reduced electrostatic repulsion between the particles upon reduction in their net charge below pH 7 (50). This likely contributes to LDL retention in the mildly acidic anaerobic environment of the atherosclerotic plaques (46, (60) (61) (62) and helps explain why LDL accumulation during atherogenesis starts in the deep areas of arterial thickening that have lowest pH (46, 63) . In addition, destabilization of LDL at acidic pH is expected to promote their lysosomal degradation during normal catabolism. Although the origin of this destabilization remains unclear, destabilization of VLDL but not HDL observed at mildly acidic pH (64) suggests that this effect is rooted, at least in part, in pH-induced changes in apoB. white arrows point to fused LDL, black arrows to particles that are smaller than intact LDL, and long white arrows to electrolucent strands whose morphology is consistent with dissociated apoB. Table S1 and Figure S3 of the on-line Supplement. data fitting by sigmoidal functions that were used to determine fusion rates as described in Methods.
(B) Fusion rates, k, as a function of LDL protein concentration. The non-linear plot suggests that LDL fusion is a high-order reaction. 
